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Reproductive senescence in the red fox 
Abstract 
The ageing theory predicts fast and early senescence for fast-living species. We investigated 
whether the pattern of senescence of a medium-sized, fast-living and heavily-culled mammal, 
the red fox (Vulpes vulpes), fits this theoretical prediction. We used cross-sectional data from 
a large-scale culling experiment of red fox conducted over six years in five study sites located 
in two regions of France to explore the age-related variation in reproductive output. We used 
both placental scars and embryos counts from 755 vixens’ carcasses aged by the tooth 
cementum method (age range: 1-10), as proxies for litter size. Mean litter size per vixen was 
4.7 ± 1.4. Results from Generalized Additive Mixed Models revealed a significant variation 
of litter size with age. Litter size peaked at age 4 with 5.0 ± 0.2 placental scars and decreased 
thereafter by 0.5 cubs per year. Interestingly, we found a different age-specific variation when 
counting embryos which reached a plateau at age 5-6 (5.5 ± 0.2) and decreased slower than 
placental scars across older ages, pointing out embryo resorption as a potential physiological 
mechanism of reproductive senescence in the red fox. Contrary to our expectation, 
reproductive senescence is weak, occurs late in life and takes place at an age reached by less 
than 11.7% of the population such that very few females exhibit senescence in these heavily 
culled populations. 
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Introduction 
Senescence, or ageing is the gradual deterioration of physical condition and cellular 
functioning, which results in a decline in fitness with age (Kirkwood and Austad, 2000; Sharp 
and Clutton-Brock, 2010). Ageing can be expressed as a reduction in survival probability 
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and/or a deterioration of reproductive efficiency, including decrease in the probability to give 
birth and reduced litter size. It is now recognized that both reproductive and actuarial 
senescence are widespread in the wild. Senescence rate greatly vary across individuals 
(Bouwhuis et al., 2010), populations (Lemaître et al., 2015) and species (Jones et al., 2008; 
Nussey et al., 2013). Life-history theory provides a framework for predicting the variability of 
ageing across species. Major life-history traits, such as the age at first reproductive event, 
reproductive lifespan and number and size of offspring, vary across species, even when body-
size is controlled for (Bielby et al., 2007; Gittleman, 1986; Harvey and Clutton-Brock, 1985; 
Read and Harvey, 1989; Stearns, 1983). Such response led to the concept of “fast-slow 
continuum” of life-history variations, which categorises species from short-lived and highly 
reproductive species to long-lived species showing reduced reproductive output (Cody, 1966; 
Cole, 1954; Dobzhansky, 1950; Gaillard et al., 1989; Lack, 1947; Promislow and Harvey, 
1990; Read and Harvey, 1989; Stearns, 1983). As synthesised by Gaillard et al. (2016), the 
fast-slow continuum can be interpreted as the range of possible solutions to the trade-off 
between reproduction and survival. The variation in ageing pattern along the continuum of 
senescence has been assessed by Jones et al. (2008). These authors showed that both age-
specific mortality and fertility patterns were strongly heterogeneous among vertebrates. Using 
data from 20 populations of intensively monitored vertebrates, they concluded that ageing is 
influenced by the species’ position on the fast-slow continuum, which sets the principles of a 
continuum of senescence that predicts fast and early senescence for fast-living species (Jones 
et al., 2008). 
The red fox Vulpes vulpes is a medium-sized carnivore, known to have a fast reproductive 
rate with high productivity and early sexual maturity (Englund, 1970; Harris, 1979; Harris and 
Smith, 1987; Ruette and Albaret, 2011). According to the life history theory of ageing, red fox 
is therefore expected to display an early and fast senescence. To date, the demography of red 
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fox has been mainly studied in anthropogenic contexts, and evidence of senescence in this 
species is mixed (Artois et al., 1982; Cavallini and Santini, 1996; Harris, 1979; Harris and 
Smith, 1987; Marlow et al., 2000). 
In France, red fox are hunted or even culled when locally classified as a pest species preying 
upon farmed and game species. Between 2002 and 2011, we conducted a fox culling 
experiment to measure the impact of removals on fox population dynamics in two rural 
regions (Lieury et al., 2015). This landscape-scale experiment thus provided a unique 
opportunity to study the age-specific variation in reproduction. We addressed the variation in 
reproductive output with age, expecting an early onset of senescence. Recent papers have 
recommended a better comprehension of heterogeneity among life history traits in the wild, so 
as to improve the detection of cryptic senescence and its underlying mechanisms (Hewison 
and Gaillard, 2001; Massot et al., 2011; Nussey et al., 2013). Thus, looking at a single 
reproductive trait might be misleading regarding senescence. Therefore we analysed two 
proxies of litter size (counts of placental scars and embryos) which may shed light on the 
underlying physiology of reproductive senescence. 
 
Material and Methods 
Study area and data collection 
Data were obtained from culling campaigns performed as part of a large-scale culling 
experiment of the red fox in two French regions over six years (Lieury et al., 2015). The 
carcasses of 899 vixens were collected in five distinct rural study areas (average size: 246 ± 
53 km²; Fig. 1). All sites were located in the same range latitude: in Brittany (sites A, B and 
C; ≥10 km apart; 48°10’N, 03°00’W) and Champagne (sites D and E separated by the Seine 
River; 48°40’N, 04°20’E). Brittany landscape was dominated by bocage mixing farming and 
arable lands, with little forested area. In contrast, Champagne sites presented open field 
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systems (mostly cereals and vineyard) and a larger forest cover compared to Brittany. The 
study took place from 2002 to 2011 but was not synchronous across all five sites. Hunting 
occurred between October and February, and trapping occurred between December and April. 
Culling at the den occurred in April. Night shooting occurred only in sites D-E between 
December and May (see Lieury et al., 2015 for details). 
 
Reproductive parameters 
An estimation of the litter size could be made for 755 reproductive females with undamaged 
uterus among the 899 vixens collected (84%; Table 1). We used the number of embryos and 
the number of placental scars as two proxies for litter size (respectively on 394 and 361 
individuals). When counting embryos only prenatal losses during early-pregnancy stages are 
considered while with placental scar counts, all losses between implantation and birth are 
taken into account. For pregnant females (i.e. females which were culled from February to 
April), embryos were counted. For the others, uteri were collected 12-48 h after the death of 
the animal, and soaked in water before freezing and stored at -20°C until examination. Uteri 
horns were opened longitudinally and examined for placental scars (Elmeros et al., 2003; 
Lindström, 1994). When the evaluation of litter size was questionable, we used a staining 
method to facilitate the identification of active placental scars (Ruette and Albaret, 2011).  
The staining method allows for the identification of atypical scars, i.e. with a singular aspect 
when compared to others from the same uterus or from other uteri at the same period of 
examination. However it does not permit the distinction of scars that could have persisted 
from earlier pregnancies from those that have been due to resorption or abortion (Ruette et 
Albaret, 2011). So, we did not estimate resorption rates from atypical placental scars counts. 
 
Age determination and age classes 
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The age of foxes at death was determined from the carcasses based on the number of annual 
growth lines visible in the tooth cementum, the date of death and the expected date of birth on 
April 1st (Ruette and Albaret, 2011). Canine teeth, or premolar teeth when canines were 
unavailable or damaged, were extracted from the lower jaw following Matson’s laboratories 
(Milltown, MT, USA) procedures (Harris, 1978). Foxes were assigned to age-classes based on 
their recruitment into the adult population on February 1st of the year following birth (i.e. at 
the age of 10 months old). Animals between 10 and 22 months of age were classified as age-
class 1 (yearlings) whereas older ones were classified as age-class 2, 3, and up to 10. 
 
Modelling and data analysis 
Although the Poisson distribution has been often applied to the counts of offspring such as 
litter size, the Gaussian distribution actually fits better such reproductive data that are 
typically associated with a narrower variance than expected under a Poisson distribution 
(Devenish-Nelson et al., 2013a; McDonald & White 2010). We thus developed a model for 
age-dependent variation in litter size accounting for both among-sites and among-years 
variability (Artois et al., 1982; Devenish-Nelson et al., 2013b; Ruette and Albaret, 2011) with 
a Gaussian distribution of error. 
We used generalized additive mixed models (GAMM; Wood, 2006) to explore the 
relationship between vixen age and litter size without a priori hypothesis on its shape (Jones 
et al., 2008). Year and geographic area (study sites, ‘Site’, or region, ‘Region’) were tested as 
random factors to account for their potential confounding effects on litter size. Litter size may 
indeed depend on i) variations in habitat quality among sites or regions, ii) inter-annual 
variations in climate conditions or resources availability and iii) spatio-temporal variations of 
population densities between sites or regions. 
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Finally, we also tested the effect of the type of measure for litter size (i.e. placental scars vs. 
embryos) by adding a fixed effect ‘Type’ in the model. 
We thus developed a full GAMM for the variations of litter size (LS) as follows: 
LS = s(Age)×Type + Age|Site + 1|Year, 
The bars indicate the addition of a random effect of the ‘Year’ on the intercept (1) or of the 
site on the slope (Age). The parameterization s(Age)×Type denotes that the non-linear effect 
of vixen age was modelled independently for each type of the litter size proxy ‘Type’. 
Following Zuur et al. (2009), we first started from the full random model and evaluated 
whether the age-specific variation in LS was similar among sites (random parameterisations: 
Age|Site vs. 1|Site), whether the spatial variation among regions was negligible when 
compared to the spatial variation among sites (1|Region vs. 1|Site) and whether the random 
effect of the year (1|Year) was important. According to Zuur et al. (2009), parameters were 
estimated using Restricted Maximum Likelihood (REML) for random effects and Maximum 
Likelihood (ML) for fixed effects. Model selection was based on the AICc (Akaike 
Information Criterion corrected from small sample size; Burnham and Anderson, 2002). Once 
the random effects were selected, we performed an AICc-based model selection of fixed 
effects (Zuur et al., 2009) to test whether the type of measure affected age-specific variation 
in LS. 
Finally, we estimated the rate of senescence by using least-squares linear regression models 
fitted through the mean values of each litter size, from the onset of senescence onwards, as 
predicted by the most parsimonious GAMM. Each point was weighted by the inverse of the 
variance so as to account for the small number of individuals in the oldest age classes. 
All analyses were carried out in R.2.15.1 using packages mgcv and AICcmodavg (R 
Development Core Team, 2012; Wood, 2006). Descriptive statistics of the data were 
presented as mean ± 1 SD and model estimates as mean ± 1 SE. 
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Results 
Pooled over sites, years and age, litter size averaged 4.9 ± 1.4 when based on embryo counts 
and 4.5 ± 1.4 from counts of placental scars (see Table 2 for detailed results by age class). 
From GAMM, all models including the random effects of the Year, the Site or the Region and 
the fixed effect of Age and Type had substantial support (ΔAICc < 2, Table 3). We retained 
the simplest of those models (Table 
3). Placental scars count increased up to 5.0 ± 0.2 at the age of 4 (black line and dots in Fig. 
2). From the age of 4 onwards, it significantly declined at a rate of senescence of 0.5 ± 0.02 
cubs per year (Fig. 2). This pattern was consistent across study areas (random effects ‘1|Site’ 
retained; Table 3.A), thereby suggesting that senescence pattern is likely to be a generalized 
process in red fox populations. We found divergence in senescence patterns between the two 
proxies of litter size (fixed effect s(Age)×Type retained; Table 3.B). Embryo counts peaked at 
age five but the rate of senescence in embryo counts afterwards was much reduced compared 
to placental scars (0.1 ± 0.01 cubs per year; Fig. 2). Finally, only a small proportion of 
females were killed after the age of 4 and 5 (11.7 and 5.6% respectively, median age at death: 
2 years, Fig. 2), such that very few females exhibited senescence in these heavily culled 
populations. 
 
Discussion 
We took advantage of a large dataset collected over 10 years from a landscape-scale culling 
experiment in rural France, to investigate the deterioration in reproductive output with age in 
the red fox. Contrary to our expectation, our results revealed a weak and late reproductive 
senescence in this species. The onset of senescence occurred late (four years old) relatively to 
the age structure of the population (median age at death: two years old). The decline in litter 
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size after four or five years old depending on the proxy used was significant but clearly more 
pronounced for placental scars count than for embryos count, suggesting increased embryo 
resorption as a likely physiological mechanism of senescence. This weak and late senescence 
concerned very few females in the populations (i.e. less than 11.7% of the females in the 
population reached the age of the onset of senescence) so that the impact of senescence on the 
dynamics of these heavily culled populations is likely to be negligible. 
 
Limits inherent to post-mortem and cross-sectional data for investigating senescence 
Monitoring reproductive performance in red fox is challenging on a large scale, due to its 
nocturnal, cryptic and elusive behaviour. We used post-mortem examination of carcasses to 
measure litter size and age. Although these methods may overcome some of the challenges of 
studying reproduction in free-ranging carnivore populations, we are aware of the inherent 
weaknesses in their applications. First, we estimated red fox age from cementum annuli lines 
in teeth. Although the method is widely used in carnivores studies such as red fox (Harris et 
al., 1992) or hyaena (Van Horn et al., 2003), misclassification has been noted due to some 
animals that did not develop a cementum line in one year (Grau et al., 1970 on raccoons; 
King, 1991 on stoats; Matson and Matson, 1993). Deposition of cementum annuli and tooth 
wear may also vary with diet, season and region (Costello et al., 2004 on black bears). The 
method has not been applied on red foxes of known age. Thus we could not rule out some 
misclassifications although not quantifiable. Working with dead animals, we used placental 
scars and embryos counts as proxies for litter size. Placental scars counts provide a possible 
overestimate of litter size, due to embryos resorption, prenatal mortality and stillborn litters 
(Vos, 1994; Elmeros et al., 2003). Inversely in a certain time postpartum, litter size might be 
underestimated by placental scars count due to the regeneration of uterine tissues (Harris, 
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1979; Harris and Smith, 1987; Heydon and Reynolds, 2000; Lindström, 1994; Marlow et al., 
2000; McIlroy et al., 2001; Ruette and Albaret, 2011). 
Our approach relies on the use of data from large-scale culling experiments to investigate 
senescence in five population replicates. Yet, the inference of senescence from life-table 
studies using cross-sectional data has been questionable for a long time. Indeed, the needs to 
consider sources of heterogeneity, such as unequal probability of sampling, individual 
heterogeneity, climate, density or early life conditions, advocate for following individuals 
throughout their life (Gaillard et al., 1994, 1989; Nussey et al., 2013; Reid et al., 2003). 
However, as non-selective methods of culling (trapping and hunting) were used, there is no 
reason to expect bias toward low or high reproductive individuals, since the age of adult’s 
foxes could not be visually assessed. Moreover, we took into account the variability between 
populations by using samples from two contrasted regions and over several years. 
Nevertheless, it is important to consider both within (improvement, senescence) and between-
individuals (selective appearance and disappearance) process in the estimation of patterns of 
age-dependent reproduction (Reid et al., 2003; Van de Pol and Verhulst, 2006). For instance, 
if individuals with high reproduction have poorer survival, mean reproduction may decline 
across older age because only individuals that invest little on reproduction survive. Selective 
disappearance has thus been found to partly mask the age-related changes in reproductive 
traits in ungulates (Nussey et al., 2008, 2006). 
We have no possibility to check for that kind of individual heterogeneity, determined by 
genetic and/or natal environment conditions. However, we found senescence in both traits i.e. 
numbers of placental scars and embryos and have no reason to expect a different sampling 
bias in vixens collected before or after parturition. Moreover, we did not observe a reduction 
in litter size variance with age expected in case of selective appearance or disappearance 
process (result not shown). 
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Besides, cross-sectional data are not systematically biased by individual heterogeneity and 
earlier studies revealing reproductive senescence from such data had been a posteriori 
validated by longitudinal data (Hanks, 1972). Hence, we are confident that our approach 
provides a relatively accurate picture of the age-related pattern in red fox reproduction. 
However, we call for long-term individual-based time series throughout longitudinal datasets 
to confirm senescence in free-ranging red fox populations. 
 
Reproductive senescence in the red fox 
Age-related reproductive output in red fox has long been discussed, but without reaching 
unanimous findings regarding senescence. Our results confirmed the increase of litter size 
with age among the young age-classes with a maximum reached at the age of 4-5 years old 
(see also Englund, 1970; Harris, 1979; Lindström, 1989). However, the decrease in litter size 
for older vixens has rarely been evidenced (Artois et al., 1982; Cavallini and Santini, 1996; 
Marlow et al., 2000). Moreover, litter size estimated from placental scars was even reported to 
be independent of age in several red foxes populations (France: Artois et al., 1982; Central 
Italy: Cavallini and Santini, 1996; Denmark: Elmeros et al., 2003; and in Western Australia: 
Marlow et al., 2000). Here we were able to reveal a weak senescence pattern in reproduction 
in vixens from five to ten years old, and that affects reproduction at a rate of one cub less 
every two years when considering placental scars. Harris (1979) and Harris and Smith (1987) 
described for the first time reproductive senescence in London urban fox population. In a 
sample of 192 vixens, litter size significantly decreased in their fifth and sixth breeding 
season. Our results obtained in rural areas where fox densities are lower, are in accordance 
with those results. Interestingly in South-East Australia, i.e. in a context of invasion, 
reproductive parameters peaked in fifth- and sixth-year vixens, but vixens over eight years of 
age produced as many cubs as first-year breeders did (McIlroy et al., 2001). 
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Reproductive senescence has been identified in several natural populations of mammals 
including ungulates, primates and domestic livestock (Beehner, 2006; Ericsson et al., 2001; 
Jones et al., 2008; Nussey et al., 2006; Promislow, 1991). To date only little evidence of 
reproductive senescence exists in carnivores, most of them focusing on long-lived species 
such as lions (Packer et al., 1988), bears (Schwartz et al., 2003; but see Dugdale et al., 2011 
on badgers). Only recently, senescence has been detected in free-ranging American mink, 
Neovison vison, a short-lived species with early age at first parturition (Melero et al., 2015). 
The proposal formulated by Jones et al. (2008) that the magnitude of senescence is tightly 
associated with life history, mainly the slow-fast continuum, has been previously verified in 
populations of similar traits such as marmots (Berger et al., 2016), meerkats (Sharp and 
Clutton-Brock, 2010), ground squirrels (Broussard et al., 2003), opossums (Austad 1993), and 
badgers (Dugdale et al., 2011). Our findings provided evidence of weak reproductive 
senescence in the fast-living red fox, which occurred late (4-5 years old) relatively to the age-
structure of our populations, and, therefore does not fully support the proposal of Jones et al. 
(2008). Furthermore, it concerned only very few females, since only a small proportion of 
vixens were killed after the age of 4 and 5. 
 
Increasing embryo resorption with age: a physiological mechanism underpinning 
reproductive senescence? 
Interestingly, senescence was more pronounced on placental scars than on the number of 
embryos. It suggested that gestation failure is the most likely cause of the decline in red fox 
litter size, rather than a decrease in ovulation rate. Spontaneous embryo resorption is an 
important issue in obstetrics, but also in livestock breeding and wildlife breeding programs. In 
wild species, increasing implantation failure with age has been identified in several taxa such 
as roe deer (Borg, 1970, Hewison and Gaillard, 2011). Accordingly, reproductive senescence 
Reproductive senescence in the red fox 
resulted from a combination uterine defects and reduction in oocyte numbers in elephant 
(Hanks, 1972). The success of embryo to develop depends on a complex series of cellular and 
molecular mechanisms associated with hormonal balance (Cross et al., 1994; Finn, 1977). 
According to the disposal soma theory of ageing, individuals should invest less effort in the 
maintenance of somatic tissues for those that invested early in life, based on the best 
allocation of resources among the various metabolic tasks (Kirkwood, 1977; Kirkwood and 
Rose, 1991). In the case of red fox, the ageing of reproductive tracts (mainly uterus) probably 
plays an important role in the decrease of red fox litter size with age. 
 
Finally, our study highlighted that reproductive senescence occurs in red fox populations, 
although being weak and occurring late in life. The consequences of reproductive senescence 
on red fox population dynamics might be negligible due to the low proportion of females in 
the population that reached the age at the onset of senescence. In the context of intensive 
removal through hunting and trapping acting on population densities (Lieury et al., 2015), a 
proper assessment of the effect of the variation in population density and removal pressure 
over time and populations on the reproductive performance is needed to investigate process 
such as compensatory reproduction. 
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Table 1. Summary of data sampling, with number of necropsied vixens collected in 
Champagne and Brittany regions between 2002 and 2011 from which a proxy of litter size 
(embryos + placental scars in brackets) could be measured (N = 755). 
 
 
 
 Year  
Region 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 Total 
Brittany 
111 
(79+32) 
66 
(44+22) 
72 
(41+31) 
70 
(37+33) 
77 
(58+19) 
40 
(39+1) 
    436 
Champagne     
62 
(20+42) 
69 
(27+42) 
60 
(16+44) 
51 
(15+36) 
36 
(10+26) 
41 
(8+33) 
319 
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Table 2. Mean litter size using placental scars count (± standard deviation, SD) and embryos 
counts (± standard deviation, SD) by age class, with the number of necropsied vixens (n) 
collected in Champagne and Brittany regions between 2002 and 2011. 
 
Age class Mean embryos counts (± SD) n Mean placental scars count (± SD) n 
1 4.6 ± 1.3 172 4.3 ± 1.3 151 
2 4.9 ± 1.3 87 4.8 ± 1.3 79 
3 5.3 ± 1.7 45 4.7 ± 1.5 53 
4 5.3 ± 1.5 45 5.0 ± 1.3 35 
5 5.5 ± 1.7 22 4.7 ± 1.3 23 
6 5.6 ± 1.4 11 4.3 ± 1.2 9 
7 4.3 ± 1.7 4 2.6 ± 1.4 7 
8 5.8 ± 1.0 4 2.5 ± 0.7 2 
9 3.7 ± 1.5 3 3.0 1 
10 5.0 1 4.0 1 
Total 4.9 ± 1.4 394 4.5 ± 1.4 361 
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Table 3. Selection among GAMMs investigating the variation in litter size in the red fox. A: 
Model selection of the spatio-temporal random effects associated with Year, Region (Brittany 
and Champagne) and Site (3 sites in Britanny, 2 in Champagne), using Restricted Maximum 
Likelihood. The bars indicate the addition of a random effect of the ‘Year’ on the intercept, 
1|Year, or of the site on the slope vixen age, Age|Site. The parameterization s(Age)×Type 
denotes that the non-linear effect of vixen Age was modelled independently for each ‘Type’ 
of the litter size proxy (placental scars or embryos). B: Model selection of the fixed-effects 
(using Maximum Likelihood). Models are sorted by the number of parameters (K). The log-
likelihood value (LogLik) and the difference in AICc with the best model (ΔAICc) are 
presented (best models in bold). The best model is selected for predictions and estimations. 
 
A. Selection of random effects K LogLik ΔAICc 
s(Age)×Type + Age|Site + 1|Year 11 -1304.02 2.84 
s(Age)×Type + 1|Site + 1|Year 9 -1304.56 0.00 
s(Age)×Type + 1|Region + 1|Year 9 -1305.48 1.77 
s(Age)×Type + 1|Year 8 -1307.89 4.59 
s(Age)×Type 7 -1321.56 29.32 
B. Selection of fixed effects    
s(Age)×Type + 1|Site + 1|Year 9 -1301.88 0.00 
s(Age)+Type + 1|Site + 1|Year 7 -1306.28 5.19 
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Figure 1. Location showing the sites where the landscape-scale culling experiments of red 
foxes took place. Green, white and grey areas indicates forest, crops and urban areas 
respectively. 
 
Figure 2. Variation in litter size of the red fox in relation to the age of vixens (in years) 
derived from hunting bags. Distinction was made between litter size counted from number of 
embryos (in grey) or from the number of placental scars (in black). Dot size is proportional to 
sample size (total number indicated at the top of the graph, both types of counts combined). 
Lines represent GAMM predictions (plain) and their associated standard error (dashed). 
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